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The apparent duration of a visual stimulus has been shown to be inﬂuenced by its speed.
For low speeds, apparent duration increases linearly with stimulus speed.This effect has
been ascribed to the number of changes that occur within a visual interval. Accordingly, a
higher number of changes should produce an increase in apparent duration. In order to test
this prediction, we asked subjects to compare the relative duration of a 10-Hz drifting com-
parison stimulus with a standard stimulus that contained a different number of changes
in different conditions. The standard could be static, drifting at 10Hz, or mixed (a combi-
nation of variable duration static and drifting intervals). In this last condition the number of
changes was intermediate between the static and the continuously drifting stimulus. For all
standard durations, the mixed stimulus looked signiﬁcantly compressed (∼20% reduction)
relative to the drifting stimulus. However, no difference emerged between the static (that
contained no changes) and the mixed stimuli (which contained an intermediate number
of changes). We also observed that when the standard was displayed ﬁrst, it appeared
compressed relative to when it was displayed second with a magnitude that depended on
standard duration.These results are at odds with a model of time perception that simply
reﬂects the number of temporal features within an interval in determining the perceived
passing of time.
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INTRODUCTION
The explicit encoding of the duration of events within the sub-
secondrangeiscrucialforanumberof everydaytasksfromtiming
action such as deciding when to step onto an escalator or when to
moveoff attrafﬁclightstopickingupsocialsignalsencodedinthe
duration of mutual gaze. However, the mechanisms underlying
the timing of events under 1 or 2s are still obscure. A substan-
tial number of studies have shown that the apparent duration of
a visual stimulus in the order of milliseconds can be distorted
n o to n l yb yg e n e r i cf a c t o r s ,s u c ha ss t i m u l u sn o v e l t y( Pariyadath
and Eagleman, 2007, 2008) or attention (Tse et al., 2004; Cicchini
and Morrone, 2009), but also by visually speciﬁc manipulations,
such as adaptation to visual motion (Johnston et al., 2006, 2008;
Burr et al., 2007; Ayhan et al., 2009, 2011; Bruno et al., 2010),
contrast (Bruno and Johnston, 2010), and reduced illumination
(Bruno et al., 2011). These observations have led some authors to
question the ability of the classic pacemaker–accumulator model
(Creelman, 1962; Treisman, 1963; Treisman et al., 1990)t of u l l y
account for the perceptual encoding of temporal intervals. There-
fore,alternativemodelsbasedoncodingefﬁciency(Eaglemanand
Pariyadath,2009)oronapredict-and-comparestrategy(Johnston,
2010)h a v er e c e n t l yb e e np r o p o s e d .
The relationship between motion, speed, and perceived dura-
tion has been extensively investigated. Early studies revealed that
moving stimuli tend to be seen as having a longer duration
than stationary ones (Brown, 1931; Roelofs and Zeeman, 1951;
Goldstone and Lhamon, 1974; Lhamon and Goldstone, 1974).
This observation, obtained with stimuli that were at most a few
seconds long, was replicated for stimuli lasting several seconds
(Brown,1995) or even minutes (Leiser et al.,1991). Some of these
studies also showed a certain degree of dependency of duration
estimationonstimulusspeed:thefasterthestimulus,thebiggerthe
durationoverestimation.Inthesub-secondrange,tworecentstud-
iesinvestigatedthisrelationshipindetail.Kanaietal.(2006),using
a variety of visual stimuli including squares,random dot patterns,
expanding gratings, and ﬂickering Gaussian blobs, reported that
apparent duration increased with stimulus temporal frequency,
rather than speed, but only up to 4–8Hz. Kaneko and Murakami
(2009),using drifting Gabors,observed that perceived duration is
positively related to speed, rather than temporal frequency, and
the effect does not seem to saturate at high speed levels.
Most of the above-mentioned studies tended to explain the
effect of speed (or temporal frequency) on apparent duration by
referringtoachangemodel(Fraisse,1963).Accordingtothisview,
thenumberofchangesthatoccurwithinanintervalprovidesacue
to the passage of time (Block and Reed,1978;Poynter,1983,1989;
Poynter and Homa, 1983). An interval containing fast motion
or fast temporal change would be represented as having more
temporal features than a slower stimulus and therefore would be
perceived as having a longer duration. In contrast to this passive
view of the effect of content on perceived duration, we can con-
sideranactive“predict-and-compare”content-dependantclockin
which the content of the interval is intrinsic to the measurement
of its duration (Johnston, 2010).
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The aim of the current paper is to test the predictions of the
changemodel,wemeasuredperceiveddurationforstatic,drifting,
or mixed (where static and drifting intervals were interleaved)
stimuli that, according to the change model, should contain a
different number of changes and therefore be judged as having
different durations. We found that the mixed stimulus was con-
sistently perceived as compressed relative to the drifting one but
no different in duration to the static stimulus (no change) across
durationranges(600,1200,and2400ms),withoutanysubstantial
changes in the accuracy of the duration judgments.
Presenting a pair of stimuli sequentially can induce perceptual
biases that depend on their position in the sequence. The obser-
vation that the magnitude of the ﬁrst test is systematically under-
estimated dates back to Fechner (Fechner, 1860; Woodrow, 1951;
Woodworth and Schlosberg, 1954). Consistent with these early
results,compressionhasbeenreportedinthedurationdomainfor
the ﬁrst relative to the second of a pair of brief intervals (Jamieson
and Petrusic, 1975). In the present study, we compared apparent
duration and accuracy dependence on presentation order across a
moreextendedrangeofdurations.Weobservedthatthedifference
between ﬁrst and second tests increased with duration, while the
difference in accuracy remained constant.
MATERIALS AND METHODS
APPARATUS
Stimuli were displayed, in a darkened room, on a 19   Sony Trini-
tron Multiscan 500PS, with a refresh rate of 100Hz, driven by a
VSG2/5 visual stimulus generator (Cambridge Research Systems).
Stimuli were viewed from a distance of 57cm.
STIMULI AND PROCEDURE
Fifteen subjects participated in the experiment (2 authors and 13
naives). All of them had normal or corrected-to-normal vision.
Subjects ﬁxated a spot in the center of the screen and judged
the relative duration of two stimuli that were displayed sequen-
tiallyinthenearperiphery(see Figure1B).Stimuliwerevertically
oriented sinusoidal gratings modulated in luminance (spatial fre-
quency=1cycle/˚, diameter: 5˚ of visual angle, Michelson con-
trast: 100%,centered 5˚ to the right and to the left of the center of
the monitor). The duration of one of the stimuli (the standard)
was ﬁxed across trials, while the duration of the other stimulus
(the comparison) varied across trials in order to generate a psy-
chometricfunction.Weusedthreestandarddurationsindifferent
sessions: 600, 1200, and 2400ms. The duration of the compari-
sonvariedinsevensteps,rangingfrom0.2×standarddurationto
2.67×standardduration.Thecomparisonstimulusalwaysdrifted
at 10˚/s across conditions (its phase was randomized on a trial-
by-trial basis). It was essential that the comparison stimulus was
always the same across stimulus types (static, drifting, mixed) in
order to have at least two direct comparisons (static vs. drifting
and mixed vs. drifting,in this case) between stimuli with different
numbers of temporal changes. We chose to use the drifting grat-
ingascomparison,howeveroneof theotherstimulustypeswould
haveservedaswell,sinceouranalysiswasfocusedonrelativedura-
tionacrossthethreeconditions.Thedriftingvs.driftingcondition
FIGURE1|S c hematic representations of the stimuli and the task.
(A) Space-time representation of the three standard stimulus types used
in the experiment.The standard intervals contained
luminance-modulated sinusoidal gratings that could be, in different
sessions, static, drifting at 10Hz, or composed by an alternation of static
and drifting subintervals whose duration varied from interval to interval
(see Materials and Methods for a more detailed description). (B)
Subjects had to keep ﬁxation on the middle of the screen while two
stimuli (the standard, ﬁxed duration, and the comparison, with variable
duration across trials) were sequentially displayed on either side of the
ﬁxation spot. Presentation order and spatial positions of standard and
comparison were randomized on a trial-by-trial basis. At the end of each
trial, subjects had to report which stimulus appeared to stay on for the
longer duration by pressing a button.
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provided us with a baseline condition, in which we compared
stimuli with the same number of temporal changes. In different
sessions the standard could be static, drifting at 10˚/s, or “mixed”
(see Figure 1A). The“mixed”standard consisted of a sequence of
static and drifting subintervals. A static interval always followed
a drifting one (and vice versa) and the total duration of static
and drifting subintervals was always the same across trials (50%
static, 50% drifting over the whole standard duration), but we
assigned a duration between 100 and 200ms to each subinterval,
randomly, within, and across trials. A 500-ms blank interval sep-
arated the two tests and the relative spatial position of the stimuli
was randomized. The presentation order of the two stimuli was
also randomized and we saved the trials in which the standard
was displayed ﬁrst separately from those in which it was displayed
second for later analysis. Subjects had to report which of the two
testsseemedtohavethelongerduration.Thedatawereﬁttedwith
cumulative Gaussian functions that were free to vary in position
and width (see Figure 2C for example psychometric functions).
The 50% point on the psychometric function (point of subjec-
tive equality,PSE) provided an estimate of the perceived duration
of thestandardstimulus.Thediscriminationthresholdprovideda
measureof precision.Thediscriminationthresholdwasdeﬁnedas
thewidthoftheerrordistributionσ.Thevalueofσisequivalentto
the difference between the 50 and 84% point on the psychometric
function.
RESULTS
We asked our subjects to compare the relative duration of two
sequentially displayed temporal intervals (containing sinusoidal
gratings modulated in luminance, Figure 1B). In different condi-
tions(Figure1A),wemodulatedthenumberof temporalchanges
contained in the standard test (ﬁxed duration across trials),which
could be static, drifting, or mixed (composed of an alternation
of static and drifting intervals of randomly varied duration, thus
containing an intermediate number of changes between the sta-
tic and the drifting stimulus). The other test (the comparison,
variable duration across trials) was always drifting. Since we used
three standard durations (600, 1200, and 2400ms), we needed
to transform the data in order to explore the effects of standard
type and duration on apparent duration and discriminability. We
divided the PSEs by the correspondent standard durations and
then subtracted 1. The values we obtained described the pro-
portion of duration change relative to the standard duration:
negative values indicated compression, positive values expan-
sion, zero corresponds to the actual duration (Figure 2B). The
discrimination thresholds were divided by the correspondent
FIGURE2|E f f e c to fstimulus change on apparent duration and
discrimination thresholds. (A) Mean perceived duration (calculated as the
50% point on the psychometric function, PSE) across 15 subjects for three
standard durations and three stimulus conﬁgurations. Dashed lines represent
the actual standard durations. Error bars indicate ±1 SEM. (B) Proportion
change in perceived duration relative to the true standard duration [calculated
from the data plotted in (A)] for the same conditions as in (A). (C) Example
psychometric curves for a naïve observer for the three stimulus
conﬁgurations and for 600ms standard duration. (D) Average discrimination
thresholds (deﬁned as the difference between the 50 and 84% point on the
psychometric function/the standard duration) for the same subjects and
conditions as in (A). Error bars indicate ±1 SEM.
www.frontiersin.org March 2012 | Volume 3 | Article 90 | 3Bruno et al. Temporal change and perceived duration
standard durations to give Weber fractions. In Figure2A we plot-
tedtheactualPSEanddiscriminationthresholdvaluestofacilitate
an intuitive reading of the main results. Figure 2C shows typi-
cal psychometric functions for a naïve observer for the 600-ms
conditions.
Statistical analyses conducted on the ratios revealed signiﬁ-
cant main effects of both standard stimulus type [General Linear
Model repeated measures, F(2)=21.317, p <0.001] and stan-
dard duration [F(2)=4.726, p =0.017] on perceived duration
(PSEs, Figure 1A). In general, we observed time compression
for the Static (∼−10%) and Mixed conditions (∼−15%) rela-
tive to the actual duration, while the Drifting standard appeared
expanded (∼+10%). When the different stimulus types were
pooled together, we found the estimates for the 2400-ms con-
dition to be veridical, but there was a slight compression for both
the 600- (∼−4%) and 1200-ms data (∼−6.5%). Moreover, the
effect of standard duration depends on stimulus type (signiﬁcant
interaction, p =0.039). More speciﬁcally, we found that, for all
the standard durations,the Mixed stimulus appeared signiﬁcantly
compressed relative to the Drifting stimulus (paired t-tests, all
p <0.001). No signiﬁcant difference emerged from the compar-
ison between the Static and Mixed conditions (paired t-tests, all
p >0.1, Not Signiﬁcant). Conﬁrming previous reports (Brown,
1995; Kanai et al., 2006; Kaneko and Murakami, 2009), the Sta-
tic standard looked shorter-lived than the Drifting comparison
for all standard durations (all p <0.001) apart from 2400ms
(p =0.102, Not Signiﬁcant). One might argue that the duration
estimates for the Mixed stimulus (which contains static and drift-
ing intervals in equal proportions) could result from a linear
combination of the estimates of its static and drifting compo-
nents. However,the apparent duration of the Mixed stimulus was
found to be signiﬁcantly less than the average of the Static and
Drifting judgments for all standard durations (paired t-tests, all
p <0.01). A mild, but signiﬁcant expansion was observed for the
driftingconditionsrelativetotheveridicalstandardduration(one-
sample t-tests conducted on the ratios against 0, all p <0.01).
This may be explained by the fact that we had to increase the
range for long comparison durations, which, in an initial pilot
experiment, were not reliably estimated for most of the sub-
jects, especially in the 2400-ms standard duration. Consequently,
the mean of the comparison durations, which has been shown
to inﬂuence subjects’ judgments (Nachmias, 2006; Lapid et al.,
2008), corresponded to a higher value than the true standard
duration.
The discrimination thresholds are shown in Figure2D. Analy-
ses conducted on the Weber thresholds (discrimination thresh-
old/standard duration), revealed no signiﬁcant effect of the stim-
ulus type on duration judgment accuracy. However, the average
discriminationthresholdforthe2400-msstandardduration(0.56)
was higher than those for 600 and 1200ms (both ∼0.5) resulting
in a signiﬁcant main effect for standard duration [General Linear
Model repeated measures, F(2)=4.278, p =0.024] and a signiﬁ-
cant interaction with stimulus type [F(4)=2.704, p =0.039]. No
signiﬁcant difference emerged from paired comparisons of static,
drifting, and mixed conditions for the three standard durations
separately.
For all the conditions, we interleaved trials in which the stan-
dardwasdisplayedﬁrstwithtrialsinwhichitwasdisplayedsecond.
Since it has been shown (Jamieson and Petrusic, 1975; Nachmias,
2006; Lapid et al., 2008) that the stimulus order has an inﬂuence
onbothapparentduration(PSE)anddiscriminationthreshold,we
reanalyzed the data with presentation order as a variable with two
levels (standard ﬁrst and standard second). Figure 3A contains a
graphicrepresentationof thisseparationforthetransformedPSEs
[PSE/(standard duration)−1]. Consistent with previous reports
(Jamieson and Petrusic,1975; Nachmias,2006; Lapid et al.,2008),
it is evident that duration estimates were signiﬁcantly lower when
the standard was displayed ﬁrst relative to when it was displayed
second [General Linear Model, main effect for standard order,
F(1)=13.433, p <0.01]. The novel ﬁnding is that the difference
between the two-stimulus orders signiﬁcantly increases with stan-
dard duration [interaction standard order×standard duration,
F(2)=23.058,p <0.001]. Also,the standard order has a different
inﬂuenceonapparentdurationdependingonstimulustype[inter-
actionstandardorder×standardtype,F(2)=7.157,p <0.01].In
particular the difference between standard ﬁrst and standard sec-
ond seems less pronounced for the mixed condition relative to
static or drifting.
In Figure 3B, we plotted the discrimination thresholds for
different standard orders and durations. The difference between
presentation orders is clear: accuracy is statistically higher (lower
discrimination threshold) for standard ﬁrst condition [General
Linear Model, F(1)=26.849, p <0.001]. However, in this case,
this difference does not depend on standard type or duration (all
interactions not signiﬁcant).
FIGURE3|E f f e c to fp r esentation order on apparent duration and
discrimination thresholds. (A) Proportion changes in perceived duration
[(PSE/standard duration)−1] averaged across 15 subjects for three
standard durations (different panels) and three stimulus types (different
symbols and colors). Dashed lines represent the actual standard duration.
Error bars indicate ±1 SEM. (B) Mean discrimination threshold (divided by
standard duration) for the same subjects and conditions as in (A).
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DISCUSSION
We investigated the effect of the number of temporal changes and
order on the apparent duration of visual intervals that were at
most a few seconds long. We found that:
– the duration of a stimulus composed of a random alternation
of static and drifting intervals (mixed standard) appeared com-
pressed either relative to a drifting comparison stimulus or to
the average of the static and drifting estimates.
– a static stimulus appeared shorter in duration than a drift-
ing stimulus, conﬁrming previous observations (Brown, 1995;
Kanai et al.,2006; Kaneko and Murakami, 2009).
– no substantial difference in duration discriminability emerged
between the three presentation conditions. However,lower dis-
criminability was associated with 2400ms relative to 600 and
1200ms standard durations.
– thedurationoftheﬁrstofapairofsequentiallydisplayedstimuli
appears compressed and the magnitude of the effect increases
with standard stimulus duration.
– durationdiscriminationwassigniﬁcantlybetterfortheﬁrstpre-
sented stimulus relative to the second regardless of standard
duration.
The dilation effect induced by speed or temporal frequency on
the perceived duration of a visual stimulus has been traditionally
seen as a supporting evidence for a change-based theory of time
perception (Fraisse, 1963; Poynter, 1989). This model posits that
our experience of time strongly relies on the amount of temporal
information contained in the interval we want to estimate. More
speciﬁcally,a prominent role is assigned to the extent to which an
interval can be segmented into a sequence of temporal changes or
features(Poynter,1983;PoynterandHoma,1983).Thechangesin
spatial position that occur within the trajectory of a visual stim-
ulus in motion have been considered to provide a good basis on
whichtotestof thepredictionsof thismodel.Forinstance,Brown
(1995) investigated duration estimates for stimuli that translated
across a monitor along a non-linear trajectory at different speeds.
He observed an apparent duration expansion for moving relative
to stationary stimuli that increased with stimulus speed. Accord-
ing to the author, this result supports the change model, as faster
stimuli change spatial location more frequently than slower ones
within the same time interval. In our experiment, the number of
changes associated with the mixed stimulus should arguably be
intermediate between the stationary stimulus and the continu-
ously drifting one. Therefore, according to the change model, we
should expect the duration estimates for the mixed stimulus to
be somewhere halfway between those for the stationary and the
drifting stimuli. However, this is not the case, as the mixed stim-
ulus appears to be more short-lived than the mean of the other
two conditions and is not perceived as signiﬁcantly longer than
the stationary stimulus. One might argue that our stimuli (drift-
ing gratings) do not change in spatial location and therefore they
might not be readily segmented into subunits. However, the ﬁnd-
ings that a similar increase in perceived duration to that observed
for translating stimuli also occurs for ﬂickering stimuli (Gold-
stone and Lhamon, 1974; Lhamon and Goldstone, 1974; Kanai
etal.,2006)andfordriftingGabors(KanekoandMurakami,2009),
whichdonotcontainchangesinspatiallocation,argueagainstthis
view. Kaneko and Murakami (2009) proposed a slightly different
account for the speed-induced time expansion.According to their
view, the rate at which our internal clock (Creelman, 1962; Treis-
man, 1963; Treisman et al., 1990) produces ticks is increased with
stimulus speed in order to increase the temporal resolution of the
system.As far as our stimuli are concerned,the predictions of this
model do not substantially differ from those of the classic change
model, as the increase in the tick rate associated with the inter-
vals containing drifting motion should be halved for the mixed
stimulus (which contains 50% drifting and 50% static intervals).
Interestingly,stimulimovingataconstantspeedarenotperceived
as having the same duration as accelerating or decelerating stim-
uli with the same average speed (Matthews, 2011), again arguing
against the idea of duration as a reﬂection of an accumulation of
temporal information.
Kanai et al. (2006) reported that the dependency of perceived
duration of expanding gratings on temporal frequency tends to
saturate quite quickly,in a range between 4 and 8Hz. The tempo-
ral frequency of our drifting stimuli (10Hz) falls slightly outside
thisrange,thereforeitisarguablethatdifferentmechanismsmight
beatworkforlowrelativetohightemporalfrequenciesandweare
maybe tapping into a range of frequencies that is not substantially
inﬂuencedbythechangeratewithinaninterval.However,Kaneko
andMurakami(2009),usingstimulithatweremoresimilartoours
(driftingGabors),reportedthatdurationoverestimationincreased
linearly with log speed even for values higher than 10˚/s. Since the
spatialfrequencyof ourstimuliwasalways1cycle/˚wecannotdis-
criminate between the effect of temporal frequency and speed on
apparent duration.
The inter-stimulus interval (ISI) between standard and com-
parison stimuli was kept constant at 500ms across trials and we
did not use a mask to prevent visual aftereffects. However, the
spatial position and the presentation order of the stimuli were
fully randomized across trials. The standard and the comparison
could be either displayed to the right or to the left of the ﬁxa-
tion dot. Therefore, if there is an inﬂuence of visual aftereffects
on perceived duration in our setup,it can be argued that it should
equally affect both the standard and the comparison stimuli. We
decided to use only two (right and left) rather than many pos-
sible spatial positions to keep the task as simple as possible and
avoid attention-related effects. Judging duration is an attention-
ally demanding task that naïve subjects in particular ﬁnd quite
challenging. First, observers have to allocate their attention to the
considered stimulus interval in a given spatial position and then
they have to sustain their attention until the very end of the inter-
val, unlike in speed, or orientation judgments tasks, for example,
inwhichattentionisonlyrequireduntiladecisionismade.There-
fore,theuseof onlytwopredictablespatialpositions,allowedusto
minimizetheattentionalresourcesrequiredtorelocateourspatial
attention to unpredictable spatial positions.
We instructed subjects to ﬁxate the dot located at the center
of screen for the whole duration of the experiment. However,
one might argue that some of our conditions could have induced
reﬂexive saccades, although reﬂexive saccades were not sponta-
neously reported by observers. A visual interval displayed at the
time of a saccadic eye-movement appears compressed relative to
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anintervaldisplayedwellbeforethesaccadiconset(Morroneetal.,
2005). In our experiment,the condition which might attract most
saccades is the continuously drifting one, which, for the afore-
mentioned reasons, should therefore be perceived as compressed
relative to, for example, the stationary condition. However, the
opposite was true, as the drifting stimulus was actually perceived
as longer than the static (or the mixed) one. Also,the mixed stim-
ulus does not appear more compressed than the static one, even
though it might attract more reﬂexive saccades. Therefore, the
presence of reﬂexive saccades is likely to work against the pattern
of results we observed.
The stimuli we used in this study do not only differ in terms
of the number of changes they contained, but also in terms of
the predictability of subsequent frames of a motion sequence. A
recent model proposed by Johnston (2010) posits that the sys-
tem might use a“predict-and-compare”strategy to determine the
duration of a brief interval. In a predict-and-compare clock the
clockproducesapredictionofthevisualworld’sappearanceaftera
giventime(forexample,100ms)andthencontinuouslycompares
it with the current appearance of the world that comes from the
sensory input. Once the current appearance of the world matches
the prediction,the system knows that 100ms have passed,it sends
a tick to the accumulator and then it resets the prediction. Clearly,
the internal predictability of an interval in time plays an impor-
tant role in the ability of the model to determine its duration.
In the present study, we used some stimuli that could not beneﬁt
from a predict-and-compare strategy (static), stimuli with a high
degree of predictability throughout the interval (drifting at 10˚/s)
oralowdegreeof predictabilityattransitions(mixed).Thepoorly
predictable stimulus was a balanced mixture of static and drifting
subintervals; each of them had a randomly chosen duration and
a static interval always followed a drifting one. In other words,
the model could not predict the appearance of the stimulus at the
end of a segment solely on the basis of its temporal frequency or
speed, therefore we expected it might provide an inaccurate esti-
mate of duration. Static stimuli would have to be processed by a
genericmechanism.Weobservedthatthepoorlypredictablestim-
ulus(mixedcondition,Figure2A)wasperceivedtobecompressed
relative to the highly predictable drifting stimulus. The difference
in apparent duration between static and drifting conditions sug-
gest the use of different mechanism in the two cases. Critically,
the duration of the mixed stimulus appeared reduced relative
to the average of the drifting and static components, implying
that the system does not simply integrate these intervals linearly
to determine duration. The unpredictable change at the stimu-
lus transition appears to introduce a small reduction in perceived
duration that cannot simply be attributed to combining the static
and moving intervals.
Another recent model by Ahrens and Sahani (2011) uses the
content of an interval to estimate time. This model assumes that
thedurationof anintervalisderivedfromaBayesiancombination
of a sensory-based estimate of dynamic stimulus statistics with an
internalestimatethatisindependentof stimulusproperties.More
speciﬁcally, changes in the stimulus detected by different stochas-
tic sensory streams (which correspond to retinal snapshots of the
stimulustakenatdifferentpointsintime)areintegratedtoprovide
an estimate of duration that is based on the similarity between
successive snapshots (the bigger the change between them, the
longer the time period that is estimated to separate them). There-
fore, the model predicts an underestimation of the duration of
a static stimulus relative to a drifting one (as is observed in our
results), but it is not clear how it can account for the lack of a
substantial difference between the static and the mixed stimu-
lus. Also, the model predicts a lower precision for the static (the
duration of which is determined solely on the basis of the inter-
nal estimate) relative to the drifting stimuli (which can also take
advantage of the stimulus-driven estimate). This prediction was
conﬁrmed experimentally, however, we did not observe a differ-
ence in the discrimination threshold between the two-stimulus
types in our study (Figure 2D).
Fechner was the ﬁrst to notice that when a subject was asked
to lift two weights sequentially,the magnitude of the ﬁrst one was
underestimated (Fechner,1860;Woodrow,1951;Woodworth and
Schlosberg, 1954). This classic order effect was also replicated in
the time domain by the demonstration that the ﬁrst of a pair of
brief visual stimuli was perceived as shorter in duration than the
secondone(JamiesonandPetrusic,1975).Interestingly,theability
to discriminate between two stimuli is also affected by the pre-
sentation order. More speciﬁcally, discrimination thresholds are
lower for the ﬁrst of a pair of sequentially displayed tests, regard-
less of whether the presentation order is blocked or randomized
(Nachmias, 2006). Lapid et al. (2008) showed that this effect also
holds for duration. Using both auditory and visual stimuli, they
found that the just noticeable difference (JND) is smaller (i.e.,
higher discriminability) when a stimulus is displayed ﬁrst. The
general explanation for these order effects on PSEs and JNDs is
that subjects tend to refer to an internal implicit standard for their
judgments rather than to the presented standard, as suggested by
the similarities observed in discriminability and perceived mag-
nitude between single-stimulus tasks (in which no standard was
presented and, therefore, subjects had to refer to an internal stan-
dard) and two-stimulus tasks when the standard was presented
ﬁrst. In all the conditions of the present experiments, we ran-
domized the presentation order and collapsed together trials in
which the standard was displayed ﬁrst with trials where it was dis-
played second to minimize these biases. However, since we used
quite a wide range of durations, we were also interested to inves-
tigate whether the time order effects vary with the presentation
time. Jamieson and Petrusic (1975) used pairs of intervals in the
range 240–5515ms, but they simply determined the proportion
of correctresponsesratherthanderivingapsychometricfunction.
OurﬁndingthatthestandardizeddifferenceinPSE(PSE/standard
duration) between standard ﬁrst and standard second conditions
signiﬁcantly increased with standard duration (Figure 3A) might
suggestthatthattherememberedvalueof theﬁrstdurationdecays
over time although, the observation that the time order effect
declinesastheISIincreases(JamiesonandPetrusic,1975)seemsto
argueagainstthisconclusion.Itmaybethatbothretainingadura-
tionestimateandextractinganewdurationestimateareattention
demanding and that competition for limited resources generates
a reduction in the capacity to sustain the perceived magnitude
of the stored interval without any increase in the uncertainty
about its magnitude.We also observed a smaller difference in PSE
betweenstandardﬁrstandstandardsecondforthemixedstimulus,
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suggesting that with a less predictable stimulus, subjects seemed
to be less prone to ignore the presented standard and refer to an
internalized reference to make a duration judgment.
In conclusion, we showed that the number of temporal fea-
tures that are contained within an interval are not necessarily the
main factor determining the apparent duration of dynamic stim-
uli. Therefore, speed-related changes in perceived time cannot be
explainedinthiswayandwerequireadifferentmeansof incorpo-
rating content-dependence into a time estimation model, such as
theabilitytopredicttheappearanceof astimulusforwardintime.
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